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This paper investigated an ultrasound vibration cell patterning technique. The ultrasound cell culture dish
consisted of a culture dish with a glass bottom and a glass disc with a piezoelectric ring that generated a
resonance flexural vibration mode on the bottom of the dish. The growth of HeLa cells on the dish was observed
under ultrasound excitation for 24 h. Large ultrasound vibrations on the dish inhibited the cell growth. The
acoustic field was predicted with finite element analysis and it was found that the cell growth depended strongly
on both the acoustic field in the culture medium and the vibration distribution of the dish. The ultrasound

vibrations did not affect the viability of the cells, and the cell growth could be controlled by the flexural vi-

bration of the cultured dish.

1. Introduction

Evaluating the physical and chemical properties of cells and tissues
is important in molecular biology, and there have been many reports on
in vitro cell communications [1]. Measuring the cell response to che-
micals is important for the development and evaluation of new medi-
cines and cosmetics. The group screening of cells is possible using
culture dishes, flow cytometric analysis [2], and micro-patterning lab-
on-a-chip techniques [3-8]. For these cell evaluations, techniques to
control the growth direction and differentiation induction are essential.
As a preliminary step, control of the cell culture environment and cell
manipulation techniques are required, which have been achieved using
chemicals [9] and magnetic beads [10]. However, use of chemicals is
associated with a risk of contamination, and fabrication of the substrate
with several complicated processes is required. There is a risk of cyto-
toxicity when using magnetic beads because they have to be attached to
or introduced into cells. Although noncontact manipulation techniques
for cells that allow for precise positioning using a laser beam (optical
tweezers) have been proposed [11,12], these systems tend to be bulky
and a large optical intensity is required.

In this paper, a method to control the cell culture using ultrasound
vibrations was investigated. The noncontact ultrasound control method
decreases the risk of contamination during cell culture, and the system
is compact since bulky apparatus, such as mechanical actuators and
light sources, are not required. There have been several reports on cell
manipulation techniques using ultrasound [13-16]. Kurashina et al.
reported a technique for selective detachment of adhesive cells from the
culture dish using a combination of ultrasound and chemicals [17].
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They proposed an efficient method to culture calf chondrocytes using
trypsin and the resonance vibration mode generated on the cultivation
substrate. The cultivation efficiency of the cells was improved by 20%
compared with the traditional trypsin and pipetting treatment. Ding
et al. reported on-chip manipulation of a single cell using a surface
acoustic wave [18]. Floating cells in the microchannel were manipu-
lated in two dimensions by controlling the acoustic standing-wave field.
These manipulation techniques utilized high-frequency mechanical vi-
brations or the radiation force of the ultrasound, i.e., the physical ul-
trasound phenomena [19-22]. Here, we proposed a culture environ-
ment control technique for adherent cells using low-frequency
ultrasound (tens of kHz) that enables cell patterning techniques and
will be applied to control the growth direction and the differentiation
induction of cells in future research. In this paper, an adhesive cell
patterning technique using low-frequency ultrasound vibrations excited
on the culture dish was investigated since larger vibrational amplitude
can be generated at lower ultrasound frequency.

2. Materials and methods

Adhesive cells can multiply by adhering to a culture dish. The cell
growth stops gradually with increasing area density and then the cells
perish. In the subculture process, the proliferating cells have to be
moved to other culture dishes to continue their multiplication. HeLa
cells purchased from the Institute of Physical and Chemical Research,
Japan, were used as adhesive cells (Fig. 1). The HeLa cells were cul-
tured with culture medium (Eagle’s minimal essential medium, Wako
Pure Chemical Industries, Osaka, Japan) in an incubator with a CO,
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Fig. 1. Photograph of HeLa cells. The bar indicates 50 pm.

concentration of 5% and a temperature of 37 °C and then repeatedly
subcultured. The culture medium was removed from the culture dish
and the cells were washed with Dulbecco’s phosphate-buffered saline
(Nacalai Tesque, Kyoto, Japan). 1ml of trypsin solution (Nacalai
Tesque, Kyoto, Japan) was introduced to scrub the adhered cells from
the culture dish, and then the culture medium was added as a buffer for
the cytotoxicity of trypsin. 10 ml of the solution including the culture
medium, trypsin, and the cells was centrifuged, and the cells were re-
trieved from the solution to be moved to other culture dishes. This
subculture process was performed every three days. The viability assay
using propidium iodide (PI) solution (Cosmo Bio, Tokyo, Japan) in
which damaged cells are dyed red was conducted.

A cell culture dish using ultrasound vibrations was fabricated (see
Fig. 2). An annular piezoelectric lead zirconate titanate (PZT) ring
(inner diameter: 10 mm; outer diameter: 20 mm; thickness: 2 mm; C-
213, Fuji Ceramics, Fujinomiya, Japan) polarized in the thickness di-
rection was attached to a circular glass plate (diameter: 35 mm; thick-
ness: 1.1 mm) by epoxy. The vibrating glass disc was in contact with the
bottom of a polystyrene cell culture dish (outer diameter: 35 mm; inner
diameter: 27 mm; AGC Techno Glass, Shizuoka, Japan) having a glass
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bottom (diameter: 30 mm; thickness: 0.18 mm) to excite the ultrasound
vibrations on the bottom of the dish. Considering the disposability of
the culture dish and the acoustic impedance matching between the dish
and the vibrating plate, water was introduced as a coupling agent be-
tween the dish and the vibration plate so that the ultrasound vibrations
could be generated efficiently on the bottom of the dish. The config-
urations of the piezoelectric ring and the glass plate were determined
with finite element analysis (FEA) using commercial FEA software
ANSYS 11.0 (ANSYS, Inc., Canonsburg, PA) to determine the resonance
flexural vibration modes on the bottom of the dish. The three-dimen-
sional simulation model included the culture medium, and the
minimum element size was 0.5 mm. The vibrational distribution of the
dish and the acoustic field in the culture medium was calculated from a
harmonic analysis by applying a continuous sinusoidal electrical signal
at the resonance frequency to the piezoelectric ring as the boundary
condition.

The cultured HeLa cells with 3ml of the culture medium were
placed in the culture dish to control the liquid level height to be ap-
proximately 4 mm. The ultrasound cell culture dish was installed in a
small chamber in which the temperature, humidity, and CO, gas den-
sity were controlled. A continuous sinusoidal electric signal from a
function generator was connected to the piezoelectric ring to generate
the ultrasound vibrations, and the bottom of the dish was observed with
an inverted fluorescence microscope (IX83, Olympus, Tokyo, Japan)
under ultrasound excitation for 24 h. The vibration distribution on the
dish without culture medium was measured by a laser Doppler vib-
rometer (LDV; NLV-2500, PI Polytec, Waldbronn, Germany) since the
reflected light at the medium surface interfered with the observational
signal.

3. Results and discussion

There were several resonance frequencies of the ultrasound cell
culture dish over 20 kHz, and, in this paper, the resonance flexural vi-
bration mode of 83 kHz was used. Fig. 3(a) shows the out-of-plane vi-
brational displacement amplitude distribution of the dish. The
27 x 27 mm? area at the center of the bottom of the dish was scanned,
and the result was normalized by the maximum value. Fig. 3(b) shows
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Fig. 3. (a) Vibration distribution on the bottom of the culture dish at 78 kHz
and (b) the radial profile along line A-A”.

the radial profile along line A-A’, and the calculated FEA result is also
shown. The experimental and calculated FEA results showed good
agreement. The vibration amplitude was largest at the center of the
dish, and the axisymmetric resonance flexural vibration mode with
three concentric nodal circles and no nodal line was generated on the
bottom of the dish. In the cases of higher (or lower) resonance fre-
quencies, a larger (or smaller) number of vibration nodal circles and
lines appeared.

The effect of ultrasound vibrations on the cell multiplication was
examined. Fig. 4 shows photographs of the HeLa cells in the culture
medium before ultrasound excitation, after 15 min of excitation, and
24 h of excitation with the input voltages of 5 V,, 7 V;,,, and 10 V.. A
9 x 1 mm? area around the center of the dish was scanned in the x-
direction by the microscope. The experimental result of the vibration
distribution of the dish in the same area was also shown for comparison.
The photographs were taken by phase-contrast imaging and the cells
appeared brighter compared with the background under the micro-
scopic view. Before ultrasound excitation, the HeLa cells were dis-
tributed uniformly over the whole observation range. By generating
ultrasound vibrations on the dish, the cells were aggregated at two
positions at around x = + 1.7 mm after 15 min (specifically, they were
on the circumference of circle with a radius of 1.7 mm), and this ten-
dency was enhanced with increased input voltage (Fig. 4(c)). After 24 h
of ultrasound excitation, the cells multiplied from the position where
they were aggregated. The cells were distributed over the whole cul-
tured dish when the input voltages were 5 Vp,;, and 7 V,,. However,

when the input voltage was increased to 10 Vp,;, the cell growth area
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Fig. 4. Sequential microscopic phase-contrast images of the HeLa cells on the
culture dish excited with (a) 5 V,;, (and the vibrational distribution of the dish),
(b) 7 Vpp, and (c) 10 Vp,. The cells appear bright.

was limited and the cells did not multiply toward the center of the
culture dish. The results indicated that the cell growth could be con-
trolled by the ultrasound flexural vibration and this effect was en-
hanced by increasing the input voltage to the piezoelectric ring.

The relationship between the cell growth and the ultrasound vi-
brations was investigated. The cell growth was evaluated by the
average brightness of the microscopic images, which was calculated
every 0.25 mm in the x-direction (0.25 x 1 mm? area). Fig. 5 shows the
distributions of the vibrational displacement amplitude of the dish and
the brightness of the microscopic images in Fig. 4. The brightness was
normalized by the maximum value from x = —4 mm to 4 mm in each
microscopic image. A flexural vibration with a 10 mm half wavelength
was generated at the center of the dish and the nodal positions corre-
sponded to x = * 5mm. The displacement amplitude was proportional
to the input voltage; the maximal vibration amplitude at the center was
0.4 um when the input voltage was 10 V,,,. When the input voltage was
5 Vpp and 7 Vi, (Fig. 5(a) and (b), respectively), the distributions of the
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Fig. 5. Distributions of the brightness of the microscopic images (plots) and the
vibration amplitude distributions (solid lines) on the culture dish excited with
(a) 5 Vpp, (b) 7 Vyp, and () 10 V.

image brightness in the x-direction were roughly uniform, and changed
little with the passage of time. When the input voltage was increased to
10 Vyp, (Fig. 5(c)), the brightness increased relatively at x = + 1.7 mm
and decreased around the center (x = 0 mm) after 15 min. In addition,
the brightness decrease at the center was enhanced after 24 h, and this
means that the multiplication of HeLa cells was inhibited by large ul-
trasound vibrations. It is known that small particles on an ultrasound
vibrating plate are aggregated and aligned along the nodal line of a
standing wave (the phenomenon is termed Chladni’s figure) [23].
However, the positions where the cells were aggregated and grew did
not correspond with the nodal circles of the ultrasound flexural vibra-
tion excited on the cultured dish.

Another important factor is the acoustic field in the culture medium.
The resonance modes of an acoustic field are generated in a thin cavity
and are determined from the relationships among the configuration of
the cavity, the speed of sound in the medium, and the ultrasound fre-
quency [24]. This means that the sound pressure distribution does not
necessarily correspond with the vibration distribution of the plate. The
acoustic field in the culture medium was calculated by the FEA at
83 kHz, and the acoustic radiation force in an acoustic standing wave
acting on a small rigid sphere was predicted from the sound pressure
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Fig. 6. Sound pressure amplitude distribution, the vector flow of the acoustic
radiation force in the culture medium just above the bottom of the dish, and the
vibration distribution on the dish.

amplitude distribution [25-28]. The acoustic radiation force on a small
rigid sphere in an acoustic standing wave field F can be expressed as
[27]

F=VDVKg — V(1 - y)VFg, @
D= 3(p B po)’
20 + P, ©)

where V is the volume of the rigid sphere, p is the density of the sphere,
po is the density of the medium, v is the ratio of the compressibility of
the medium to that of the sphere, K is the time-averaged kinetic en-
ergy, Pr is the time-averaged potential energy, and V is the gradient
operator. The kinetic energy Kg and the potential energy Pg are ex-
pressed as

1

Ky = —p,v%,
E Zpov 3
2
P = lp_z’
2 pyc 4

where v (=j/wpo-grad p) is the particle velocity, c is the speed of sound
in the medium, w is the angular frequency, and p is the sound pressure.
Fig. 6 shows the sound pressure amplitude distribution and the vector
flow of the acoustic radiation force in the culture medium just above
the bottom of the dish. For comparison, the vibration distribution on
the bottom of the dish shown in Fig. 3(b) is also shown. An acoustic
standing wave with the nodal circle with a radius of approximately
3 mm was generated at the center of dish. Therefore the cells will be
attracted to the nodal circle of the sound pressure (x = = 3 mm),
which is smaller than that of the flexural vibration of the dish
(x = * 5mm) since a rigid particle that is much smaller than the
wavelength of the ultrasound is attracted and trapped at the nodal
points of the sound pressure amplitude in a standing-wave field [29]. It
should be noted that the acoustic radiation force acted toward the
bottom surface of the dish, enabling the HeLa cells to attach to the
bottom so that they can multiply. In fact, the focus point of the mi-
croscopic images in Fig. 3 was constant and corresponded to the bottom
surface, indicating that the cells were constantly aggregated just above
the bottom surface of the dish.

Although there are several methods to measure the sound pressure
amplitude in a thin layer including a needle hydrophone, an LDV [30],
and fiber optic sensors [31], the acoustic field in the culture medium
was visualized using small particles to investigate the relationship be-
tween the acoustic field and the cell growth. Silica microspheres with
an average diameter of 25 um were scattered on the culture dish with
no cells. Fig. 7 shows the microscopic image of the microspheres
trapped in the acoustic standing wave in the culture medium. The mi-
crospheres were trapped instantaneously and statically at the positions
around x = * 1.7 mm where the cells existed after 15 min (Fig. 4(c)),
not the nodal positions of the flexural vibration generated on the dish.
The difference in the experimentally observed and predicted trapped
positions can be attributed to the material properties used in the FEA;
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Fig. 7. Microscopic images of silica microspheres on the culture dish (a)
without and (b) with ultrasound excitation.

(a) 15 min.

Fig. 8. Sequential microscopic images of the HeLa cell on the culture dish under
ultrasound excitation. Bar indicates 50 um.

the speed of sound in the medium was assumed to be 1.5 x 10°m/s.
From the experimental result, we can explain the changes in the cell
growth shown in Figs. 4 and 5 as follows. The cells in the culture
medium placed on the dish did not adhere to the bottom of the dish
instantaneously and were aggregated to the nodal points of the acoustic
standing wave just over the bottom of the dish by the acoustic radiation
force. The cells gradually adhered to the dish over time at the position
where they were trapped and then multiplied outward on the dish. In
fact, the area densities of the cells at x = * 1.7 mm were temporarily
increased (15 min in Fig. 4(c)) and then decreased (24 h in Fig. 4(c)).
Fig. 8 shows the sequential microscopic images of one of the cells under
ultrasound excitation. The HeLa cell appeared spherical after 15 min
when it had not yet adhered to the dish but after 1h it changed its
profile to adhere and multiply. This means that the cells were ag-
gregated tightly next to each other by the acoustic radiation force after
15min and then the area density decreased, because there is a
threshold of the area density for the cell multiplication [32]. Compared
with previously reported cell manipulation techniques using MHz-range
ultrasound, the acoustic radiation force to the HelLa cells is relatively
small since the intensity of the acoustic radiation force depends on the
relationship between the cell size and the ultrasound wavelength; the
wavelength of tens-kHz-range ultrasound (tens mm) is much larger than
the cell size (tens pm) and higher ultrasound frequency with shorter
wavelength (hundreds pm) in MHz-range is suitable for the acoustic
manipulation. It should be noted that the cells did not grow toward the
center of the dish where the sound pressure amplitude and the vibration
amplitude of the dish were large, and this is because cell adhesion on
the substrate can be scrubbed by large vibration amplitudes [17].
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Fig. 9. (a) Microscopic phase-contrast and (b) fluorescent images of the HeLa
cells after ultrasound excitation for 30s. Bar indicates 100 pm.

Therefore, the area of the cell growth strongly depends on both the
acoustic field in the culture medium and the vibration distribution of
the dish, and the cell growth on the culture dish could be controlled by
ultrasound vibrations.

The viability assay using the PI solution was conducted to evaluate
the effect of ultrasound vibrations on the cultured cells. Fig. 9 shows the
representative phase contrast and fluorescent images of the HeLa cells
after ultrasound excitation for 30 s. Under the fluorescent microscopic
view, the dead cells were red since the PI solution can penetrate
through the damaged cell membrane. Fig. 10 shows the relationship
between the input voltage to the piezoelectric ring and the ratio of dead
cells. The plots and error bars express the average values and four
standard deviations. Acoustic cavitation generated by low-frequency
ultrasound, which could damage the cell, was not observed in these
experimental conditions. Compared with the control (0 V), the ratio
of dead cell showed little change the input voltage increased from 2 V,
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Fig. 10. Relationship between the input voltage to the piezoelectric ring and
the rate of dead cells.
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to 10 V,p,; the ratios were approximately 2% in all cases. This result
indicates that the ultrasound vibrations and the sound pressure did not
affect the viability of HeLa cells under these conditions.

4. Conclusions

The ultrasound vibration cell patterning technique was investigated.
A disposable ultrasound culture dish was fabricated, and the growth of
HelLa cells was evaluated. The cell growth depended strongly on both
the acoustic field in the culture medium and the vibrational distribution
generated on the bottom of the dish, and the cell patterning could be
controlled by switching the resonance vibration mode. It was confirmed
that the ultrasound vibrations did not affect the cell viability under
these experimental conditions. One of the advantages of this technique
is that positions where cells are trapped can be controlled easily by
changing the resonance vibration mode of the dish. For future appli-
cation of this technique such as an evaluation of cell communication,
the vibration mode of a culture dish should be modified to lattice
flexural modes so that cells can be arranged with same intervals in a
two-dimensional plane.
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